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ABSTRACT
Indentation into a metastable austenite may induce the phase transformation to the bcc phase. We study this process using
atomistic simulation. At temperatures low compared to the equilibrium transformation temperature, the indentation triggers the
transformation of the entire crystallite: after starting the transformation, it rapidly proceeds throughout the simulation crystallite.
The microstructure of the transformed sample is characterized by twinned grains. At higher temperatures, around the equilib-
rium transformation temperature, the crystal transforms only locally, in the vicinity of the indent pit. In addition, the indenter
produces dislocation plasticity in the remaining austenite. At intermediate temperatures, the crystal continuously transforms
throughout the indentation process.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5081496
I. INTRODUCTION
Conventional austenitic stainless steels and new TRIP
(TRansformation Induced Plasticity) steels are metastable at
temperatures below the martensite deformation temperature
and can transform from the fcc austenite phase to the hcp
ε or/and to the bcc α martensite phase during mechanical
loading.1,2 This transformation induces significant changes in
the mechanical properties of the materials, e.g., an increase in
strength;3 also their physical properties, e.g., a change from
the paramagnetic to the ferromagnetic state,4 and their tech-
nological properties are affected, e.g., an increase in wear
resistance.5 The formation of bcc martensite depends on
various factors, such as temperature, plastic deformation,
grain orientation, deformation rate, etc., and it is difficult to
study all these parameters experimentally. However, atom-
istic simulation allows to study the influence of these factors
on bcc martensite formation using molecular dynamics (MD)
simulation. In addition, MD simulations can be used to pro-
vide basic information about the transformation process to
mesoscopic material models such as phase field models, see
for example Refs. 6–8.
Previous experiments found that local mechanical loading
– such as under nanoindentation – can induce the transforma-
tion of the metastable austenitic phase. Kim et al.9 observed
that several martensitic variants are locally formed under
indentation such that the external stress is best accommo-
dated. Roa et al.10,11 observed the formation of martensite in
a region of lenticular shape around the imprint. In later work,
these authors also studied the fatigue behavior under cyclic
loading of metastable austenites.12
In the present paper, we study the phase transfor-
mation of a metastable austenite under nanoindentation
using MD simulation. We can monitor the evolution of
the γ → α transformation as a function of the temper-
ature at which the indentation is performed. As a result,
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we find a systematic change from a localized to a
global (i.e., grain-spanning) transformation with decreasing
temperature.
II. SIMULATION METHOD
We use classical MD simulations to study the indentation
of a pure Fe crystal. The crystal has an fcc lattice structure
with a (001)fcc surface. Fig. 1 provides a schematic view of the
simulation system. The x, y, and z directions correspond to the
[100]fcc, [010]fcc, and [001]fcc crystal orientations. The sample
contains 4608000 atoms and and has a size of approximately
439 Å × 439 Å × 293 Å. Fe atoms interact via the Meyer-Entel
potential.13
Two atom layers at the bottom of the crystal are fixed
to prevent any rigid-body motion of the substrate. The next
four layers at the bottom and the outermost four layers at
the sample sides are held at a fixed temperature T. We per-
form simulations for a variety of temperatures between 0 and
550 K. Periodic boundary conditions are employed in x and y
direction.
The indenter is modeled as a rigid sphere with a radius of
R = 50 Å and we indent until a depth of 50 Å with a velocity of
20 m/s. It interacts with the Fe atoms via a potential14
V(r) = k(R − r)3, r < R, (1)
where the indenter stiffness has been set to k = 10 eV/Å3.14,15
We prepare the systems by heating an fcc-Fe crystal
to the intended temperature and relaxing it for 50 ps. The
crystals are initially defect-free.
We use adaptive common-neighbor analysis16–18 to iden-
tify the local crystal structures, and DXA19 to analyze the
dislocations formed during indentation. These algorithms as
well as the rendering of the snapshots are provided by
OVITO.20
A. Meyer-Entel potential
We use the Meyer-Entel potential13 to describe the inter-
action in Fe, since it is able to implement the bcc-fcc phase
FIG. 1. Schematics of the simulation setup showing the indenter tip above the
substrate. The free top surface, the bottom fixed layer, the boundary thermostat
layers, and the orientation of the cartesian axes are indicated.
transformation in Fe. It should be mentioned that among the
many potentials available to model Fe, there are only very few
that implement the α–γ transformation.22 Among these, the
Meyer-Entel potential is the one employed most often and
studied best.23,24 The equilibrium transition temperature Tc
of this potential amounts to 550 ± 50 K, as it was determined
by both free-energy calculations22,25 and dynamic molecu-
lar dynamics simulations.21,26 In reality, this temperature is
at 1184 K; this means that the temperature dependence of the
results presented here needs be scaled appropriately to apply
to realistic systems.
The martensitic transformation is initiated upon cooling
a crystal from a high-temperature fcc state. This transfor-
mation does not occur at Tc, but is kinetically hindered. We
demonstrate this feature by displaying in Fig. 2 the evolu-
tion of the free-energy between the fcc and the bcc phase
when transforming an fcc crystal to a bcc crystal via a Bain
path;21 the evolution along a Nishiyama-Wassermann path is
very similar.21 The free energy has been evaluated from the
work done under the transformation using the metric-scaling
technique22,27 as in Ref. 21. Both fcc and bcc are local minima
of the free energy indicating their (meta)stability. Indeed, upon
increasing the temperature, the global minimum shifts from
bcc to fcc. Most interesting is the kinetic barrier to transfor-
mation; for a metastable fcc crystal it increases with tempera-
ture indicating that the martensitic transition is more strongly
impeded at high than at low temperatures, in agreement with
experiment.
In the Meyer-Entel potential, it has been found that for
a bulk crystal, the martensitic transformation temperature
depends on the size of the simulation crystallite.28 In addi-
tion, the transformation is eased if open volume is available –
in the form of point defects13 or surfaces29 – to allow atoms
to change their positions freely.
A drawback of the Meyer-Entel potential is that the
atomic volumes Ω in the fcc phase is not correctly repro-
duced. In fact the Meyer-Entel potential predicts the fcc phase
(Ω = 12.57 Å3) to have a larger volume than the bcc phase
(12.26 Å3), while in experiment the bcc phase (11.77 Å3) is more
open than the fcc phase (11.38 Å3);28,30 here data at 300 K have
been reported.31 As Pepperhof and Acet30 note, it is common
that the more stable phase has a smaller volume; while Fe
FIG. 2. Evolution of the free-energy difference between the fcc and the bcc phase
along the Bain path for various temperatures.21
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contradicts this rule, it explains why the interaction poten-
tial used in MD sticks to it. However, it has been found32
that the nucleation kinetics and growth of the martensite
phase at an fcc grain boundary is correctly reproduced in
the Ackland potential33 that similar to ours predicts a volume
decrease upon the martensitic transformation; this argument
has been used in favor of the Meyer-Entel potential as well.34
We extend this argument here by arguing that phase nucle-
ation at a free surface and induced by the indentation will be
affected equally little by this feature.
Planar defects such as stacking faults are implemented
well in the fcc phase of Meyer-Entel iron.34 Also dislocations
are modeled qualitatively correctly in the fcc phase; this can be
observed by comparing the value of the stacking-fault energy
– which is key to determining the dislocation dissociation – in
the Meyer-Entel potential (−54 meV/m2)34 with ab-initio data
for paramagnetic fcc-Fe (−105 meV/m2).35
III. RESULTS
A. Synopsis
Fig. 3 provides an overview of the phase transformation
induced by the indentation process.
• At low temperatures, T ≤ 140 K, the indentation trig-
gers a phase transformation which spans more or less
the entire simulation crystallite.
• At intermediate temperatures, up to around 200 K,
martensite needles are formed stretching far out in
〈110〉 direction.
• At even higher temperature, up to 350 K, only the local
volume around the indent pit transforms.
• Finally, at still higher temperatures, the indentation
is not able to trigger any substantial amount of
FIG. 4. Percentage of bcc atoms detected at the end of the indentation as a
function of the temperature.
transformation, even though the temperatures are still
below the equilibrium transformation temperature.
Fig. 4 summarizes these findings by plotting the frac-
tion of Fe atoms transformed by the indentation process as
a function of temperature. The most prominent feature is the
sharp decrease of martensite formation in a small temperature
window of around 150–200 K.
In the following we will discuss the microstructures
formed in an exemplary way for 100, 200 and 500 K.
B. 100 K
The process of the indentation at 100 K is shown in Fig. 5a
with the help of a force-penetration curve. Similar results
were observed at all temperatures below 130 K. After an initial
phase, the material starts transforming between 10 and 15 Å
indentation depth, and already at 20 Å, the material is almost
entirely transformed. Austenite remains at the bottom of the
FIG. 3. Synopsis over the transformation process induced
by the indentation at the various temperatures studied. The
colors denote the local crystal structure: green: bcc; dark
blue: fcc; light blue: hcp; red: unknown.
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FIG. 5. (a) Dependence of the indentation force, Fz , on the indentation depth
at temperature 100 K; snapshots visualize the evolution of microstructure during
indentation. (b) Zoom into the snapshot at 50 Å indentation depth – viewed in the
x-z plane – displaying the twinned martensitic microstructure highlighted by the
red rectangles. Colors denote local lattice structures as in Fig. 3.
sample; there it is stabilized by the boundaries applied, viz. the
fixed atom layer.
The indentation force, Fz, displays a minimum at around
17 Å indentation depth. It is caused by the shrinkage of the
material during the ongoing martensitic transformation, as
during the martensitic phase transition the volume of the sam-
ple becomes slightly reduced,36,37 see also Sect. II A. Simi-
lar results were obtained during an experimental nanoinden-
tation in metastable TRIP steel with the Mn-Al-Si alloying
concept.9
Fig. 5b highlights the microstructure formed, which con-
sists of an array of twin boundaries. The twin boundaries
are (112)bcc planes; in the cut shown in Fig. 5b, they run in a
[1̄01]fcc direction, corresponding to a 〈111〉bcc direction in the
transformed material.
C. 200 K
Indentation at higher temperature does no longer induce
a volume spanning transformation of the austenite. Particu-
larly interesting are the phenomena occurring in the temper-
ature range of 170 – 200 K, where the fraction of transformed
material decreases to 10–30 %, see Fig. 4.
The indentation process at a temperature of 200 K is
shown in Fig. 6a. Here the new phase grows continuously with
proceeding indentation. While the phase transformation pro-
cess is now more strongly localized around the indentation
point, still fingers of the martensitic phase – marked as ‘1’ and
‘2’ in Fig. 6b – expand in two diagonal directions. An inspec-
tion of the crystallography involved shows that bcc grain 2
grows in [101]fcc direction, corresponding to the diagonal of
the x–z plane, see Fig. 6c, while bcc grain 1 grows in [011]fcc
direction, the diagonal of the y–z plane. This becomes par-
ticularly clear in Fig. 6c, which shows grain 2 in a close-up
view. The diagonal here is the [011̄]fcc direction, which trans-
forms to a 〈111〉bcc direction in the phase-changed material.
Here, in contrast to the fully transformed materials visual-
ized in Fig. 5b for 100 K, only a single twin boundary is
formed.
The indenter force necessary to penetrate to maximum
depth (50 Å) amounts to 0.55 µN. This is considerably less than
in the 100 K indent, Fig. 5, where 0.75 µN were needed. Also
in the case of the 500 K indent to be discussed below, the
maximum force is large, 0.70 µN. At both 100 K and 500 K,
the indentation proceeds essentially in a single-phase mate-
rial, viz. bcc and fcc, respectively, while for 200 K, the material
continuously keeps transforming under the indentation. As
the material shrinks for the Meyer-Entel potential, less force
is needed in this case. We note that the initial steepness of the
force-indentation curve is smallest for the 100 K case, where –
due to the shrinkage of the material while transforming under
the Meyer-Entel potential – the phase transformation reduces
the force needed to indent.
In the vicinity of the martensitic phase, the remain-
ing austenite phase is plastically deformed by the indenta-
tion process. This is highlighted in Fig. 6b by the dislocation
lines shown. Some of them are decorated by bcc material;
this follows common knowledge that dislocations can act as
nucleation centers for the transformation.38,39
D. 500 K
The process of the indentation at a temperature of 500 K
is shown in Fig. 7a. The energy barrier for the phase transi-
tion is here already high, see Fig. 2. For temperatures above
200 K we observe almost no phase transformation, as less than
2 % of all atoms are detected as bcc (Fig. 4). Only small areas
around the indentation center are transformed into bcc. There
the stress acting on the sample is highest.
At 500 K, only 0.4 % of the material is transformed. The
bcc phase is strongly localized around the indenter tip, but
forms no homogeneous region. Rather it has a very irreg-
ular shape, and follows the dislocation lines forming in the
remaining austenite. It is known that dislocations can act as
nucleation centers for the transformation.38,39
A dense network of dislocations forms in the austen-
ite phase, such as it is commonly observed in MD studies of
indentation into fcc metals.40,41 The evolution of this net-
work can be followed in the snapshots shown in Fig. 7a.
Besides a dense zone surrounding the indenter tip, the emis-
sion of prismatic loops is observed. We conclude that at
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FIG. 6. (a) Similar to Fig. 5a, but for 200 K. (b) Zoom into the
snapshot at 50 Å indentation depth; two martensitic grains
are marked as ‘1’ and ‘2’. Green colors denote the trans-
formed bcc material; blue lines denote dislocations in the
remaining fcc phase. (c) Detailed view into the atomistic
structure of bcc grain 2 showing a twin boundary; colors
as in Fig. 3.
FIG. 7. (a) Similar to Figs. 5 and 6, but for 500 K. (b) Snapshot at 50 Å indentation
depth; colors as in Fig. 6.
500 K, the metal prefers to react to the indentation by
generating dislocations rather than by inducing the phase
transformation.
IV. SUMMARY
Our main findings are:
1. Indentation into a metastable austenite may induce the
phase transformation to the bcc phase.
2. At low temperatures, the indentation acts as a sud-
den trigger; after starting the transformation it rapidly
proceeds throughout the simulation crystallite. The
microstructure of the transformed sample is character-
ized by twinned grains.
3. At high temperatures, around the transformation tem-
perature Tc, the crystal transforms only locally, in the
vicinity of the indent pit. In addition, the indenter pro-
duces dislocation plasticity in the remaining austenite.
4. At intermediate temperatures, the crystal continuously
transforms throughout the indentation process.
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